The present study aims to investigate the effect of an upstream wake on the convective transport phenomena over a turbine blade with shower-head film cooling. A naphthalene sublimation technique was implemented to obtain the detailed mass transfer distributions on both suction and pressure surfaces of the test blade. All mass transfer runs were conducted on a blowing-type wind tunnel with a six-blade linear cascade. The leading edge of the test blade was drilled with three rows of equally spaced injection holes. The upstream wake was simulated by a circular bar with the same diameter as that of the trailing edge of the test blade.
INTRODUCTION
he effects of shower-head film cooling and upstream wake on the turbine blade heat transfer and passage flow characteristics have been extensively studied in recent years. To date, measured results have been reported on the theory of wake-induced transition and unsteady heat transfer over the turbine blade area under the influence of passing wake and film cooling. Of particular interest for future studies are the complex flow field and heat transfer phenomena around the leading edge of the blade when the passing wake encounters the injection flows ejected through the injection holes. A knowledge of this complex flow structure resulting from the interaction of the passing wake and the laminar boundary-layer flow is essential to the reliable design of the modern turbine blade. In addition, measurements should be further extended to study the effect of such complex flow on the boundary-layer flow characteristics and heat transfer phenomena over the turbine blade surfaces.
A theory for wake-induced transition over a rotor blade was proposed by Mayle and Dullenkopf [1990] . They introduced a correlation, as evaluated from the measured heat transfer coefficients with Emmon's transition model, to predict the intermittency distribution over the wake-induced transition region. According to their correlation, the onset of wake-induced boundarylayer flow transition occurs much closer to the leading edge of the turbine blade than non-wake-induced boundary-layer flow transition because of an increase in the production of turbulent spots by the upstream wake.
Due to the natural complexity of the flow field within the blade passage, most prior experimental studies have focused on the measurements of heat transfer characteristics over the turbine blade surfaces for a system with either the injection flows or the upstream wake. On a circular cylinder, inferred as the leading edge of a turbine blade, Magari and LaGraff [1994] measured the stagnation heat transfer rate under the influence of an upstream wake. When the upstream wake was absent, the mass transfer distribution over a circular cylinder with injec-tion flows ejected from one row of injection holes was studied by Karni and Goldstein [1990] and Chen et al. [1994b] .
Chen et al. [1994a] There are some studies (Dunn et al. [1989 (Dunn et al. [ , 1994 ; Abhari and Epstein [1994] ) which were conducted in a short duration turbine test facility rather than in a low-speed wind tunnel with a linear cascade for simulating full engine conditions. Heat transfer data on an uncooled rotor blade coupled with an upstream cooled nozzle guiding vane were reported by Dunn et al. [1989] . Dunn et al. [1994] Figure 2 . The geometric data of the linear cascade are listed in Table I .
In Figure 2 , S and S denote the curvilinearcoordinate along the suction and pressure sides, respectively. The centerlines of the three rows of injection holes are An automated data acquisition system was used to determine the sublimation depth of the coated naphthalene surface on the test blade after exposure to the mainstream in the wind tunnel. As shown in Figure 4 , the automated data acquisition system consists of a four-axis positioning In the region just downstream of the front stagnation line, a recirculated flow zone is expected to occur between injection rows SL and SS when the mainstream directly encounters the injection flows ejected from the injection row SL. The injection flows act as solid flow blocks which cause such a recirculated flow zone on the blade surface. Figure 7 shows a rise in the spanwise-averaged mass transfer rate for the cases of wake A-D (S/ S,u 0.033) that is probably due to reattachment following separation of the mainstream. On the suction surface, maximum mass transfer is caused by the injection flows from the injection row SS. A sharp fall following the highest peak is probably associated with the growth of the laminar boundary-layer flow. The minimum value of Sh is at the transition from the laminar boundary-layer flow to turbulent flow. Beyond this transition point, there is a rise in the mass transfer distribution. After the boundarylayer flow becomes fully turbulent, a slow decline in mass transfer is observed. The large variation in curvature near the trailing edge of the blade results in the formation of a trailing-edge wake (so named to distinguish it from the upstream wake). This in turns leads to the extremely sharp variation in the spanwise-averaged mass transfer rate as observed in Figures 6 and 7 . At the separation of the turbulent boundary-layer flow, the mass transfer rate reaches a local minimum. However, vortex shedding in the wake flow from the trailing edge of the blade significantly increases the mass transfer rate, so the mass transfer rate again reaches a peak whose value approaches that near the leading edge.
On the pressure surface, there are two peaks in the spanwise-averaged mass transfer distribution near the leading edge, as shown in Figure 7 . These two peaks result from the injection flows from the rows of injection holes, SL and PS. Downstream from the injection row PS, the boundary-layer flow becomes fully turbulent. Consequently, the mass transfer rate monotonically de- occur when the injection flows are ejected from the leading edge region of the blade. This is because the flow field in the blade passage is severely disturbed by the presence of injection flows therefore the promotion of the turbulence level by the upstream wake C becomes insignificant.
As shown in both Figures 6 and 7, the mass transfer rate for the case of wake A is highest among all four cases, probably because of the upstream wake turbulence level is the highest among the 5 cases experienced at the leading edge region of the test blade. A prior study [1994a] has already revealed that the position of the upstream wake significantly effects the mass transfer distributions on both surfaces of the test blade without film cooling. However, the present study shows that the mass transfer distributions are not strongly dependent on the position used to generate the upstream wake if the injection flows are ejected in the leading edge region, as indicated from Figure 7 .
Spanwise Distributions of Local Mass Transfer Rates
Near the leading edge of the turbine blade, the spanwise distributions of Sh are expected to be periodic as a result of injection flows through multi-rows of injection holes. The measured results are presented to show the significance in the spanwise variation of the local mass transfer rate and the effect of upstream wake generation location on the local mass transfer rate. At Re 2 397,000, M 0.8, and Tu 0.4%, Figures 8(a)-(f) show the spanwise distribution of the local Sherwood number on the suction surface of the blade at different curvilinear distances for all four runs (A-D). On the pressure side, local mass transfer results are presented in Figures 9(a)-(e) . In the present study, injection flows are ejected towards the endwall where Z 0. There are groups of arrows on the horizontal axis in these Figures. These arrows are used to indicate the centerline and boundaries of each row of injection holes.
On the suction surface, the variation in the spanwise mass transfer distributions is notable and periodic, particularly in the region near the leading edge. The wavelength of the periodically spanwise mass transfer distribution corresponds to the pitch of the injection holes. At Ss./Ssf 0.033, the turbulence level in the wake encountered by the leading edge results in a difference in the measured mass transfer rate among these four cases. Downstream of the injection row SS, twin peaks in the local mass transfer at S/'S,f 0.102 appears at locations between two neighboring injection holes. This twin-peak appearance is probably due to the formation of a pair of counter-rotating vortices. Previous observation of these two vortices was reported by Chen and Miao [1995] and Kurse [1985] . As the injection jets move downstream, these two vortices quickly merge to become a single vortex, as indicated in Figure 8 (d) by a single peak in the local mass transfer rate at S/S,u 0.179 between two neighboring holes. One can also notice that the peak in local mass transfer does not lie on the centerline of the injection holes. This is probably due to the injection flows ejected at 3 degrees toward the endwall. Thus, the injection flows travel downstream, the peak shifts towards the endwall (Figures 8(d) - (e)). Additionally, the spanwise distribution of Sh is already quite uniform for runs of both wake A and B but it still sustains a distinctly periodic behavior for the other two cases at S/Ssf 0.534, as shown in Fig. 8(e) . The periodic behavior in local mass transfer indicates the mixing between the injection jets and the boundary-layer flow on the suction surface is not completed yet. Figure 8 (e) clearly illustrate the difference in the local mass transfer rate among various tests. However, Figure 6 shows almost the same spanwise-averaged value for Sh. At the location of S/Sf 0.823, shown in Fig. 8(f) , the uniform distribution in the local mass transfer rate for all runs indicates that the fully turbulent boundary-layer flow is completely mixed with the injection flows and has become two-dimensional in space.
On the pressure surface, the local mass transfer rate at Sp/Sps -0.071 which is the location just upstream from Z (cm) (e) the injection row PS, is unexpectedly uniform (Fig. 9(a) ). This fact may be due to the formation of recirculated flow between the injection rows SL and PS. Again, twin peaks are observed in the local mass transfer distribution at Sp/Spf -0.102, probably as a result of the counterrotating vortices in the injection flows, as shown in Fig.   9(b) . Downstream of injection row PS, the variation in the local mass transfer distribution is periodic and significant. The highest value of the local mass transfer rate can be four times as high as that of the minimum in Sh. However, the spanwise variation in the "local mass transfer reduces as the injection flows propagate downstream (Figures 9(b)-(e) ). The twin-peak characteristic in the local mass rate still remains even at a location S/Spy -0.613 for both wake C and D, as shown in Fig. 9(e). However, the uniform distribution for Sh already appears for both wake A and B. This fact indicates a better mixing between injection jets with the boundarylayer flow on the pressure surface for the cases of wake A and B than that for the cases of wake C and D. 
